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Equilibrium thermodynamic and flow properties are presented in tabu-
lated and graphical form for moving, standing, and reflected normal-shock
waves into hydrogen-helium mixtures representative of postulated outer planet
atmospheres. These results are presented in four volumes and the volumetric
compositions of the mixtures are 0.95Hp-0.05He in Volume I, 0.90H_-0.10He
in Volume II, 0.85H2-0.15He in Volume III, and 0.75H2-0.25He in Volume IV.
Properties include pressure, temperature, density, enthalpy, speed of sound,
entropy, molecular-weight ratio, isentropic exponent, velocity, .and species
mole fractions. Incident (moving) shock velocities are varied from 4 to
70 km/sec for a range of initial pressure of 5 N/m to 100 kN/m . The pres-
ent results are applicable to shock-tube flows and for determining flow con-
ditions behind the normal portion of the bow shock about a blunt body at
high velocities in postulated outer planet atmospheres.
This report represents a revised version of the original edition of
NASA SP-3085 published in 1974. Primary differences in these two versions
are (1) errors found in the input data for atomic hydrogen and proton H+
used in the original version have been corrected, (2) the present version
employs a refined hydrogen-helium model, and (3) the format of the original
version has been modified to consist of four volumes of tables and charts
of equilibrium normal-shock solutions for four hydrogen-helium mixtures of
different volumetric compositions instead of the original three mixtures.
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INTRODUCTION
Interest in the exploration of the outer planets with entry probes led
to the development of a number of postulated atmospheric models; the most
abundant gas in these models was hydrogen (refs. 1 to 3). In order to study
the high-temperature gas behavior behind the normal portion of the bow shock
about a probe entering a postulated outer planet atmosphere, a number of
shock-tube investigations were initiated. (For example, see refs. M to'7.)
Such studies require a convenient, rapid, and accurate means for determining
equilibrium thermodynamic properties and flow velocities for hydrogen and
hydrogen-helium mixtures. This need resulted in the publication of NASA
SP-3085 (original edition) for hydrogen-helium mixtures and NASA SP-3087
(original edition) for pure hydrogen. The primary purposes of these two
reports were: (1) to present charts and tables for use in the rapid deter-
mination of equilibrium thermodynamic properties, flow velocity, and species
mole fractions for incident (moving), standing, and reflected normal shocks
in hydrogen or hydrogen-helium mixtures and (2) to provide a convenient
means for determining flow conditions behind the normal portion of the bow
shock about a vehicle at extremely high velocities in proposed outer planet
atmospheres.
The results of NASA SP-3085 and NASA SP-308? were generated with the
program of reference 8, which, in turn, employed the method of references 9
and 10 as the equation of state (i.e., the source of equilibrium thermo-
dynamic properties for hydrogen-helium mixtures, where the density is a func-
tion of pressure and enthalpy) required in the solution of the conservation
relations for incident, standing, and reflected normal shocks. As discussed
in reference 11, following publication of the original editions of NASA
SP-3085 and NASA SP-3087, an error was found in the spectroscopic constant
input data for the proton H+ that is required in the calculation of thermo-
dynamic properties. Also, the input data for atomic hydrogen contained only
a single energy level. The effect of these errors in the spectroscopic
input for hydrogen species was examined in reference 11 and was found to
produce uncertainties up to 20 percent in some of the thermodynamic prop-
erties behind an incident shock; corresponding mole fractions contained
uncertainties of factors of two. Since the same hydrogen species input
data were employed to generate the hydrogen-helium results presented in the
original edition of NASA SP-3085, these results are in error also.
The primary purpose of this revised edition of NASA SP-3085 is to cor-
rect the errors in calculated thermodynamic properties and flow velocities
contained in the original edition. In reference 11, the procedure for solv-
ing the conservation relations for normal shocks, the computational method
for determining thermochemical equilibrium hydrogen properties, and the
refinement of the hydrogen model used in these calculations are discussed
in detail. Also presented in reference 11 are a tabulation of the heat of
formation and spectroscopic constant input data required to calculate the
thermodynamic properties of hydrogen arid a relatively comprehensive compari-
son of hydrogen thermodynamic' properties calculated by using the procedure
of references 9 and 10 and a number of other sources of hydrogen properties.
To generate the present results in this revised edition of NASA
SP-3085, the only change made to the procedure discussed in reference 11
was the addition of the helium species He, He+, and He"1"*" (alpha particle).
Hence, the reader is referred to reference 11 for a detailed discussion of
the computational procedure used herein.
Since the original edition, more recent analysis of the Jovian atmo-
sphere revealed the presence of higher percentages of hydrogen than postu-
lated for the earlier atmospheric models (ref. 3). For this reason, and
for the sake of convenience in relation to the size of the publication , the
original format of NASA SP-3085 has been modified to consist of four volumes
of tables and charts of equilibrium normal-shock solutions for .hydrogen-
helium mixtures . These four volumes contain respective mixtures of
0.95H2-0.05H , 0.90H2-0.10He, O.SSHp-O. 15He, and 0.75H2-0.25He. The revised
editions of N*ASA SP-3085 and NASA SP-308? supplement one another and -provide
a broad range of information concerning equilibrium thermodynamic properties
for normal shocks into the postulated atmospheres of outer planets.
SYMBOLS
a speed of sound, m/sec
h specific enthalpy, J/kg • • • • . .
2p pressure, N/m
R universal gas constant, 8.31^3^ kJ/kmol-K ""'• -^ . ... .
s specific entropy, kJ/kg-K
sW /R nondimensional specific entropy
T temperature, K , . : .
U velocity, m/sec
U velocity of reflected shock, m/sec
U . velocity of incident shock, m/sec
S
W molecular weight, kg/kmol
W molecular weight.of undissociated 0.90Hp-0.10He mixture,
0
 kg/kmol
Z number of kmbles of dissociated and ionized 0.90H2-0.10He mixture
per number of kmoles of undissociated 0.90H2-O.TOHe mixture,
W /Wo
, 3 log p^isentropic exponent,
o
p " density, kg/m-'
Subscripts:
1 -•- state of quiescent test gas ahead of incident normal shock
2 - • • ' - state of: test gas behind incident normal shock (see fig. 1)
2r -state of test gas behind reflected normal shock into region (g)
(see-fig. 1) : - . - -• •--: '••^ 7 -«- '-> v ..
2s -" ' - state of test gas behind standing normal shock in region (2)
• • • (see fig. 1 ) . . . . . ;
4 driver-gas conditions at time of diaphragm rupture
CONVERSION FACTORS AND CONSTANTS
Conversion factors between the International System of Units (SI) and
U.S. Customary Units (ref. 12) for. the quantities presented in table I and
figures 2 to 4 are as follows:
1 N/m2 = 9.8692 x 10~6 atm = 1.4504 x 10"1*
 psi = 2.0885 x 10~2 ibf/ft2
1 kg/m3 = 6.2428 x 10~2 ibm/ft3 = 1.9403 x 10~3 slug/ft3
1 J/kg = 1 m2/sec2 = 10.764 ft2/sec2 = 4.3021 x 10"4 Btu/lbm
1 m/sec = 3.2808 ft/sec = 2.2369 mph
Physical constants appearing herein for a 0.90Hp-0.10He mixture' at an
initial temperature TI of 300 K are as follows:
WQ = 2.215 kg/kmol
h1 = 3.735 MJ/kg
=-1.262 km/sec
Z 1 -=- 1.000 ' . , •.•:---.•-• - - ••




The regions of interest for a shock tube are illustrated 'i'n figure 1."-.-'
The driver gas- at the-time of diaphragm rupture is. designated as region (4),
and the quiescent test gas is designated as region (T) (fig.' 1(a)). Upon
rupture of the diaphragm, an incident shock wave' propagates into region (T)
with velocity U . The flow conditions immediately behind this shock are
denoted as region (?) (fig. Kb)). When the incident shock wave reaches
the end wall of the shock tube, it is reflected back-1 into region (2) : '
(fig. 1(c)). The gas behind the reflected shock wave is brought to rest,
relative to the shock tube. Flow'conditions behind this reflected shock
wave, which is propagating upstream with velocity U , are, designated
as region (2r) . • -
For a blunt-model positioned in the driven section of the"''shock-tube,
a standing bow shock is formed at the model, provided the flow in'region (2)
is supersonic (fig.'Kd)). The flow conditions immediately behind the nor-
mal portion of this standing shock are designated as region
. The conservation relations for an incident normal shock into
region (T) , a standing normal shock, and a reflected normal shock are pre-
sented in reference 11, along with the method of solution (successive
approximations). For the solution of these conservation relations, an equa-
tion of state (i.e., source of equilibrium thermodynamic properties for
hydrogen-helium mixtures where the density is a function of pressure and
enthalpy) is required. The program of reference 8 was used to generate the
present results and the equation of state takes the form of the equilibrium
procedure of references 9 and 10. This procedure is based on minimization
of the Gibbs free energy, and basic assumptions and required input are dis-
cussed in references 9, 10, and 11. It should be noted that the procedure
of references 9 and 10 does not include intermolecular force effects nor
effects from Coulomb interaction.
The species used to model the hydrogen-helium mixture are the six
species used-in the hydrogen calculations of reference 11 (er, H?, H£, H,
H+, and H~) plus the helium species He, He"1", and He"1"*" (alpha particle).
The source of heat of formation and spectroscopic constant inputs for the
hydrogen species.are discussed in reference 11; the heat of formation 'and
spectroscopic constant inputs for the helium species He and He"1" were
obtained from the listings of reference 13 and were checked against those
presented in the tabulations of reference 14. (The energy levels for He
and He+ presented in reference 13 were obtained from reference 11, and it
was the grouping procedure (ref. 11) of reference 13 that was checked.)
It should be noted that electrons are treated as atomic species in the pro-
cedure of references 9 and 10. The internal partition function for an
electron is its spin degeneracy. Thus, the electron is assumed to have
a ground-state degeneracy of two and no electronic excited states. Pro-
tons H+ and alpha particles He"1"1" are also treated as atomic species.
Although the proton possesses a nuclear spin of 1/2, the same value of spin
as the electron, the degeneracy input is unity instead of two for reasons
discussed in reference 11. The alpha particle He*"1" also has a degeneracy
of unity for the same reason as for the proton (i.e., nuclear spin is
ignored). .-
The same iterative criterion used to solve the conservation relations
in reference 11 was used for the present 0.90H?-0.10He mixture shock cross-
ings (i.e., in the method of successive approximations, the density in
region (2) , (2s) , or \2r) was iterated upon until successive values were
within 0.25 percent). The last value of density and the corresponding
thermodynamic properties were assumed to be the correct values. Also, the
same absolute criterion (ref. 9) used in determining thermodynamic proper-
ties for hydrogen in reference 11 was used herein. Uncertainties in the
present calculations for hydrogen-helium mixtures are expected to be essen-
tially the same as deduced in reference 11 for pure hydrogen.
DISCUSSION OF TABLE AND CHARTS
It should be noted that state properties immediately behind the normal
portion of the bow shock wave of a hypervelocity entry body are equivalent
to state properties behind a moving shock in a shock tube. In free flight,
the free-stream conditions and flight velocity correspond to the initial
conditions in region (T) and the shock-wave velocity, respectively, whereas
the conditions behind the bow shock correspond to conditions in . .
region (2) .
:- Table
The solutions for incident (moving), standing, and reflected normal
shocks are presented in table I. These tabulated computer results are.
arranged in groups of constant pressure in region (T) (P1) and the inci-
dent shock velocity (US1) is varied within the group. In table I, p. is
5 ,-.
varied from- 5 N/m2 to 100 kN/m2 and U is varied from 4 to 30 km/sec in
increments of 1 km/sec and from 30 to 70 km/sec in increments of 2 km/sec.
For each value of p., a complete list of calculated thermodynamic
properties (p, T, P, h, a, sWQ/R, Z, and YE), flow velocity (U),
and species volumetric composition is given for the three shock-tube regions
under consideration. The rows in the upper portion of each tabulation for
a given p1 and U are identified by letters (FORTRAN symbols), the















































The lower portion .of each tabulation illustrates the species composition
for moving, standing, and reflected shock,regions. Rows are identified by
the species symbol. . . . .
The conditions in region (T) are used to nondimensionalize calculated
properties in regions (2) , (2s) , and (2r) ., The temperature in region (T)
T. is 300 K for all cases, in table I.. Corresponding thermodynamic proper-
;i«t es, for a 0.90H_-0.10He mixture in region Q) are given in the following
table: . - . . - •
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^ = 3QO K
1Q = 2 ..21 5 kg/kmol
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In the present results of table I, no upper 'limitations on pressure''and""1" " ;
temperature are imposed; hence,"the user of these tables, is' cautioned to; •"
exercise discretion in employing the present results at pressures -''•
exceeding 100 MN/m. (See ref. 11.)
No temperature restriction is placed on the present calculations for
hydrogen-helium mixtures since, in the comparisons of reference 11 for pure
hydrogen, thermodynamic properties caiculatedvby using the,procedure of
references 9 and 10 were observed to be in good agreement (within 3' percent)
with more rigorous calculations for hydrogen for temperatures from 2000 K •
to 50 000 K and pressures from 10 kN/m to 100 MN/m . For these tempera-
tures and pressures with a hydrogen-helium mixture which is predominantly
hydrogen, the gas approaches being a plasma with some ionized helium species
present. For this reason, no caution is presented in employing the'present
results at the temperatures encountered in region (5) although Coulomb
interaction effects are expected. ,(See appendix B of ref. 11.) It should. •
be recognized, however, that thermodynamic properties calculated at the ..
extreme temperatures in regions (2s) and. (2r) must be viewed only as „.
estimates. '
 / '. _ . ' . . ' . " '.;'.,
As demonstrated in reference 11, intermolecular force effects on
thermodynamic properties in regions (|) , (2s) , and (2r) are negligible for^.'
pure hydrogen for the present range" of p. and U . The compressibility.^
factor for helium is significantly less than that For hydrogen at a given'
pressure and temperature (ref. 15); thus, intermolecular force effects for
the present hydrogen-helium mixture are also negligible.
Charts ''. , . , .
Working charts (corresponding to the results of table I) are given in
figures 2 to 4. In these figures, the nondimensionalized thermodynamic
properties and flow velocity for regions (f) , (2s) , and (2r) are plotted as
a function of incident shock velocity U for various quiescent test gas
pressures. For each property, the incident-shock-velocity scale is 0 to
36 km/sec and 34 to 70 km/sec. This division of the U scale is to
enhance the readability of these charts. The figures were generated by
machine, and linear line segments were used to connect adjacent data points.
Unlike table I, a maximum pressure limitation, p < 100 MN/m , is
imposed on the results of figures 2 to 4; calculated quantities above this
limit are not plotted. Again, the properties in region (T) presented pre-
viously must be used to obtain the desired value of the thermodynamic prop-
erty or flow velocity from the ratio presented.
CONCLUDING REMARKS
Equilibrium thermodynamic and flow properties are presented in tabu-
lated and graphical form for moving, standing, and reflected normal-shock
waves into a 0.90Hp-0.10He mixture. Properties include pressure, tempera-
ture', density, enthalpy, speed of sound, entropy, molecular-weight ratio,
isentropic exponent, velocity, and species mole fractions. Incident
(moving) shock velocities are varied from 4 to 70 km/sec for a range of
initial pressure of 5 N/m to 100 kN/m . The present results are applicable
to shock-tube flows and for determining flow conditions behind the normal
portion of the bow shock about a blunt body at high velocities in postulated
outer planet atmospheres.
This document, comprised of.four volumes corresponding to different
hydrogen-helium compositions, is the second report by the present authors
dealing .with equilibrium, normal-shock flow properties for gases representa-
tive of postulated outer planet atmospheres. The other report (NASA SP-3087)
presented results for pure hydrogen. The original editions of both NASA
8 .-.
SP-3085 and NASA SP-308? were found to contain significant errors in post-
normal-shock thermodynamic properties due to errors in the spectroscopic
constant input data for two of the hydrogen species (H and H+). This report
represents a revised version of the original version of NASA SP-3085 and
includes four hydrogen-helium compositions instead of the original three.
The original version of NASA SP-308? for pure hydrogen has also been cor-
rected and the reader is referred to this hydrogen report for a detailed
discussion of computational procedure, heat of formation and spectroscopic
constant input data, and comparisons of predicted thermodynamic properties
for real hydrogen between various sources.
Langley Research Center
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TABLE I.- NONDIMENSIONAL THERMODYNAMIC PROPERTIES AND FLOW VELOCITY FOR INCIDENT (MOVING).
STANDING, AND REFLECTED NORMAL SHOCKS IN O.QOty-O.lOHe MIXTURE
[User cautioned about using table at pressures exceeding 100 MN/m^J
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Figure 1.- Sketches illustrating shock-tube regions of interest:




Figure 2.- Thermodynamic properties and flow velocity behind an incident
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Figure 3.- Thermodynamic properties and flow velocity behind a standing
shock for a 0-90H2_o.10He mixture.
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(g) Molecular-weight ratio Z
Figure 3-- Continued.
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Figure 3-- Continued.









12 16 20 24 28 32 36
U$, km/sec













24 28 32 36
U . km/sec
(a) Pressure P2r/P-| •
Figure U.- Thermodynamic properties behind a reflected normal shock and
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(h) Isentropic exponent Y,,
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Figure 4...- Continued.
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of information concerning its activities and the results thereof."
—NATIONAL AERONAUTICS AND SPACE ACT .OF 1958
NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS
TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.
TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.
TECHNICAL MEMORANDUMS:
-Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons. Also includes conference
proceedings with either limited or unlimited
distribution.
CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to .existing knowledge.
TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.
SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include final reports of major
projects, monographs, data compilations,
handbooks, sourcebooks, and special
bibliographies. . . .
TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and
Technology Surveys.
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